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Previously, we reported the design and properties of alkyne C-lysine conjugates, a powerful and tunable family of DNA cleaving
reagents. We also reported that, upon photoactivation, these molecules are capable of inducing cancer cells death. To prove that
the cell death stems from DNA cleavage by the conjugates, we investigated intracellular DNA damage induced by these molecules
in LNCap cancer cells using single cell gel electrophoresis (SCGE) assays. The observation of highly eﬃcient DNA damage
conﬁrmed that lysine acetylene conjugate is capable of cleaving the densely compacted intracellular DNA. This result provides
a key mechanistic link between eﬃcient DNA cleavage and cytotoxicity towards cancer cells for this family of light-activated
anticancer agents.
1.Introduction
Because double stranded (ds) DNA cleavage is much harder
to repair than single stranded (ss) DNA cleavage, ds damage
is particularly eﬃcient in inducing self-programmed cell
death or apoptosis [1]. A particularly striking example of
thiseﬃciencyisprovidedbynaturalenediyneantibiotics[2].
These compounds, often hailed as the most potent family
of anticancer agents [3], produce cleavage of both strands
of DNA duplex via two hydrogen abstractions from two
opposite strands of DNA backbone by a reactive biradical,
p-benzyne, generated from the enediyne core via a process,
called the Bergman cyclization [4–6]. However, natural
enediynes not only lack selectivity towards cancer cells, but
also do not cause the ds cleavage with 100% eﬃciency. Even
the best of them, calicheamicin leads to only 25% cleavage
[7]. Thus, design of compounds which are capable of more
eﬃcient ds DNA cleavage and combine this eﬃciency with
selectivity towards cancer cells remains the focal point of the
anticancer therapeutic agents targeting DNA.
We have found that DNA damaging potential of
enediynes canbe increased if theirreactivity is tuned towards
C1–C5 photocyclizations, a new reaction discovered in our
lab which leads to incorporation of four rather than two
hydrogen atoms from the environment [8, 9].
Because C1–C5 cyclization proceeds under photochem-
ical conditions for thermal C1–C5 cyclization, see [10, 11],
it takes advantage of the high degree of spatial and tempo-
ral controls over reactivity inherent to the photochemical
activation. The use of tissue-penetrating light allows for
eﬃcient, and selective, spatial and temporal control over
prodrug activation as light can be delivered directly to the
tumor when it contains a high concentration of the prodrug.
Skin cancer is the most obvious target for this therapy
and, in 2006, the UK National Institute of Health and
Clinical Excellence (NICE) recommended PDT for basal cell
carcinoma. However, PDT can be also used to treat tumors
on the lining of internal organs or cavities. Other tumors
can be targeted with low-energy tissue penetrating photons,
especially if the three-dimensional control of activation
is provided by the two-photon excitation mode. For two
photon excitation of enediynes, see [12–14]. In addition, this
radical-anionic C1–C5 cyclization of enediynes is triggered
by photoinduced electron transfer (PET). This mechanistic
feature increases cellular selectivity because activation is
possible only in the direct vicinity of a suitable electron2 Journal of Nucleic Acids
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Scheme 1: C1–C5 photocyclization of bis-TFP-enediyne and proposed mechanism in the proximity to DNA (four abstracted hydrogens are
s h o w ni nr e d ,T F P= tetraﬂuoropyridine).
donor such as DNA to occur. In the absence of such a donor,
TFP-substituted enediynes (Scheme 1) are unreactive, both
thermally and photochemically.
We have also found that related TFP-substituted mono-
acetylenes are capable of photochemical alkylation of elec-
tron rich π-systems [15–17] and investigated whether this
reaction can be also used for controlled DNA-modiﬁcation.
Ap r i o r i ,e ﬃcient DNA-cleavage by monoalkynes incapable
of the Bergman or C1–C5 cyclizations can involve sev-
eral possible mechanisms like base alkylation, hydrogen
abstraction, generation of reactive oxygen species as well as
PET.
In order to increase solubility of TFP-warheads in water
and their aﬃnity to DNA, we combined them with lysine via
carboxyl moiety of the amino acid, Figure 1 [18].
Importantly, this mode of attachment leaves both amino
groups of lysine available for an acid-base reaction which
converts them into cationic ammonium groups. We found
that DNA-damaging ability of such hybrid molecules can
be ﬁne-tuned in the narrow range of physiological pH
conditions which results in a dramatic increase in reactivity at
the lower pH of hypoxic tumor cells [19]. Less basic α-amino
group is protonated at the lower pH than 7 and this proto-
nation not only prevents quenching the excited state of the
chromophore but also provides tighter binding to negatively
charged DNA. Remarkably, the change in reactivity occurs at
a relatively narrow and predeﬁned pH point (∼pH 6). These
DNA-photocleavers provide the DNA cleavage ratios of up
to the 1 : 2 ds:ss at pH 5.5 at concentrations and irradiation
times where almost no ds cleavage is observed at the pH of
healthy cells. This dramatic increase of ds DNA cleavage at
the lower pH renders these molecules more eﬃcient ds DNA
cleavers than calicheamicine under the conditions suitable
for selective targeting of acidic cancer tissues (Figure 2(a)).
We also found that the C-lysine conjugates bind selectively
to nicks and gaps in a DNA duplex and, upon photochemical
activation,transformtheeasilyrepairabless-DNAdamageinto
much more therapeutically important ds-DNA damage [20]
(Figure 2(b)).
The medicinal potential of these molecules has been
illustrated by a >90% LNCap cancer cell death induced by
photochemically activated TFP-acetylene-lysine conjugate 3
in one treatment at concentrations as low as 10nM. Notably,
at these concentrations, toxicity without light is negligible.
Similarincreasesinreactivityuponactivationwithlightwere
observedinparallelexperimentswithUMRC3,UMRC6,and
786-O cancer cell lines [19].
In summary, our previous work led to the development
of a family of powerful and tunable DNA cleaving reagents
which have been shown to cleave both plasmid DNA and
DNA oligomers outside of cells [15, 18]. We have also proven
that these reagents can induce cancer cells death at the
low concentrations. However, our previous work oﬀered no
evidence for DNA-damage by TFP-enediynes and acetylenes
inside of cells. Such evidence is important because cell
death can result from mechanisms other than DNA cleavage
and because DNA-cleavage of intracellular DNA should
be more diﬃcult since this DNA is compactly organized
around histone proteins. The aim of this work is to test
theeﬃciencyofourlight-activatedds-DNA-cleaverstowards
intracellular DNA using single cell gel electrophoresis assay
which can measure DNA damage in individual eukaryote
cells [21–25]. This assay has been used as a standard tech-
nique for evaluation of DNA damage/repair, biomonitoring,
and genotoxicity testing [26–33]. The alkaline SCGE assay
d e t e c t sb o t hs sa n dd sD N Ad a m a g e s .T h ec l e a v e dD N A
fragments are able to migrate out of the cell under an electric
ﬁeld after lysis and alkali treatments while undamaged
DNA moves slower and remains with the conﬁnes of the
nucleoid.Journal of Nucleic Acids 3
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Figure 2: (a) Design of pH-dependent DNA-cleavers based on diﬀerent stages of protonation of the lysine side chain, (b) photochemical
conversion of ss-DNA cleavage into more therapeutically important ds-DNA cleavage through lysine-phosphate monoester recognition of
the initial damage site.
2.MaterialsandMethods
2.1. General Information. Reagent kit for single cell gel
electrophoresis assay kit, CometAssay, and control cells con-
taining diﬀerent levels of DNA damage, CometAssay Control
Cell, were purchased from Trevigen, Inc. The CC0 sample
corresponds to cells with undamaged DNA whereas CC1,
CC2, and CC3 have diﬀerent levels of DNA-cleavage induced
with Etoposide [34]. Miligel FisherBiotech Horizontal Elec-
trophoresis System was used for electrophoresis. Olympus
BX61 microscope attached with the DP71 color digital
camera was used to take ﬂuorescence images of SCGE assay.
T h ei m a g e sw e r eq u a l i ﬁ e db yC o m e tS c o r e1 . 5s o f t w a r e
(Tritec). Tail moment, the ratio of tail length to head
diameter (L/H), DNA percentage in tail, and tail length were
used to estimate DNA damage. The tail moment has been
regardedasanappropriateindexofinducedDNAdamageby
computerized image analysis. It represents both the amount
of damaged DNA and the distance of migration by a single
number. The tail moment was calculated by multiplying the
percentage of DNA in the tail by the tail length; see [35].
2.2. Preparation of LNCap Cells and Their Treatment with
Conjugate 3. LNCap cells (P.35) were plated in 6 (100mm)
plates at density of 250,000cells/well and were maintained in
RPMI 1640 medium supplemented with 10% FBS, sodium
bicarbonate (2g/L). When they reach 70% conﬂuence, com-
pound 3 was dissolved in serum-free RPMI 1640 medium
supplemented with sodium bicarbonate (2g/L). After the
RPMI 1640, medium containing the compound 3(0, 10, and
50μM) were added to the cells and the cells were placed in
the incubator for 4 hours. The cells were exposed to UV with
cover removed for maximum exposure for 10 minutes and
were trypsinized and counted. Solutions in ice cold 1× PBS
(Ca2+ and Mg2+ free), with 1 × 105 cells/mL, were prepared
based on CometAssay instruction from Trevigen, Inc.
2.3.AlkalineSingle Cell Gel Electrophoresis Assay. LMAgarose
was melt in boiling water bath for 5 minutes and placed
in 37
◦C water bath for at least 20 minutes to cool. Cells at
1×105/mLwerecombinedwithmoltenLMAgaroseataratio
of 1 : 10 (v/v) and 50μL of the mixture was transferred
on CometSlides. The slides were placed at 4◦C in the dark
for 30 minutes and they were immersed in prechilled lysis
solution. After 30-minute immersion at 4◦C, the slides were
immersed in alkaline solution prepared freshly with NaOH
(0.6g), 200mM EDTA (250μL), and dH2O (49.75mL) for
20 minutes at room temperature, in the dark. Then, the
slides were removed from alkaline solution and washed by
immersing in 1× TBE buﬀer for 5 minutes twice. After4 Journal of Nucleic Acids
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Figure 3: Images of SCGE assays. Controls: (a) Undamaged control cell, (b)–(d) Control cells with variable amount of DNA damage.
LNCap Cells: (e) No compound + No UV; (f) No compound + UV; (g) 3 (50μM) + No UV; (h) 3 (50μM) + UV; (i) 3 (10μM) + UV. All
UV irradiations were carried out for 10 minutes.
Table 1: Qualiﬁed data from SCGE assays.
Exp. Tail moment L/H %DNA in tail Tail length (px)
(a) 0 0 0.3 ±0.30
(b) 9.9 ±0.90 .4 ±0.13 3 .2 ± 2.92 9 .7 ± 1.5
(c) 22.1 ±2.00 .8 ±0.14 7 .0 ± 5.54 7 .7 ± 9.3
(d) 107.3 ±7.86 .8 ±1.49 6 .8 ± 1.3 110.8 ±6.9
(e) 0 0 0.9 ±1.20 .2 ±0.4
(f) 0.1 ±0.102 .0 ±2.32 .2 ±2.0
(g) 0 0 1.3 0
(h) 155.3 ±62.64 .6 ±2.09 2 .0 ± 4.1 167.0 ± 62.2
(i) 26.1 ±10.10 .7 ±0.14 1 .4 ± 9.06 1 .2 ±12.8
adding 1× TBE buﬀer not to exceed 0.5cm above slides in
electrophoresis tank, the voltage at 1 volt per cm was applied
for 10 minutes. The slides were immersed in dH2Ot w i c e
for 10 minutes, then in 70% ethanol for 5 minutes. The
samples were dried at ≤45◦C for 15 minutes and 100μL
of diluted SYBR Green I was placed on the gels and the
slides were stored at refrigerator. After 5 minutes, excess
SYBR solution was removed by gentle tapping and the
slides were completely dried at room temperature in the
dark. The ﬂuorescence images were taken by epiﬂuorescence
microscopy.
3. Results andDiscussion
The control SCGE assay results for undamaged cells (CC0)
and commercially obtained cells with variable amount of
DNA damage (CC1–3) are summarized in the top part of
Figure 3 (entries (a)–(d)). As expected, while SCGE assay
with healthy cells showed no tails indicative of DNA damage,
the assays with the damaged cells produced characteristic
tails, the size of which correlates with the extent of DNA
damagein these cells.Qualiﬁed data of the assays are given in
Table 1. With the pretreated control cells (Table 1, (b)–(d)),
33, 47, and 98% of DNA were detected in tails, respectively.
Tail moment values are also consistent with diﬀerent levels of
DNA damage.
After conﬁrming that assay conditions work in the
controlcells,weproceedtoinvestigateDNAdamageinduced
by conjugate 3 in LNCap cancer cells. To ﬁnd whether
UV itself or thermal reactions of compound 3 may be
responsible for the DNA cleavage in cancer, we included
two control experiments with cells exposed to UV for 10
minutes in the absence of a DNA-cleaver (Figure 3(f))
a n dw i t hc e l l st r e a t e dw i t h5 0 μMo fc o m p o u n d3 for 4
hours without photochemical activation (Figure 3(g)). No
DNA damage is observed in the control cases. This result
conﬁrms that neither UV nor compound 3 in the dark
can damage DNA under these experimental conditions. In
contrast, photochemical activation of 50μMo fc o m p o u n d
3 produced very eﬃcient DNA damage (more than 90%
DNA in the tail, Table 1) in individual cells (Figure 3(h)).
Irradiation in the presence of 10μMo fc o m p o u n d3 also
showed signiﬁcant DNA damage (∼40% DNA in the tail,
Figure 3(i)). These results conﬁrm that compound 3 can
penetrate into the nucleus of the cancer cell and damage
highly compacted DNA photochemically.
The concentrations of lysine conjugates used in our
comet experiments are signiﬁcantly higher than >0.01mM
concentrations suﬃcient to cause signiﬁcant photocytotoxi-
city to several cancer cells lines. This diﬀerence is not limited
to the comet assay—our earlier experiments with pure DNA
also required micromolar concentrations of the conjugate
to observe the cleavage [18, 19] .T h eo b s e r v a t i o nh a st w o
consequences. First, it suggests (somewhat surprisingly) that
the eﬃciency of cleavage for isolated plasmid DNA and
compacted cellular DNA is not drastically diﬀerent, thus
indicating thatourcompounds should accumulatein thecell
nucleus rather eﬃciently.
Second, this observation may indicate the presence of an
additional, even more eﬃcient, mechanism for cytotoxicity
which may not be based on DNA cleavage. Alternatively, itJournal of Nucleic Acids 5
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Figure 4: Emission spectrum of 3 (10μM) in phosphate buﬀer at
pH 7. Blue: without DNA, Red: with 30μM/b.p of Calf thymus
DNA.
may also mean that even small amount of DNA cleavage
(which is not detected by the conventional, relatively insensi-
tive assays) is still suﬃcient for causing apoptosis. Although
we cannot distinguish between these two mechanisms at
this point, this mechanistic ambiguity renders important the
observation thatlysine-acetylene conjugatecanindeed target
and damage cellular DNA.
Interestingly, the ﬂuorescence images of cells treated
with compound 3 (Figures 3(g) and 3(i)) showed blue
ﬂuorescence in the nucleus region on top of the green
ﬂuorescence from the DNA-staining dye, SYBR Green I.
Because this blue ﬂuorescence is not observed in control
cells without the conjugate, the emission is likely to result
either from compound 3 itself which has the maximum
emission at 440nm (Figure 4) or from one of the respective
photoproducts derived from the DNA-photocleaver. This
observation provides additional evidence that conjugate 3
can be uptaken into the nucleus of cancer cells. It is also
interesting that there is no residual blue ﬂuorescence in
Figure 3(h), where the DNA is broken completely.
4. Conclusions
SCGE assays conﬁrm the occurrence of eﬃcient cleavage of
highly compacted intracellular DNA by a light-activated C-
lysine acetylene conjugate. This result provides a key mech-
anistic link between eﬃcient DNA cleavage and signiﬁcant
cytotoxicity in cell proliferation assays.
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